The major problem of using somatic mutations as markers of malignancy is that the clinical samples are frequently containing a trace amounts of mutant allele in a large excess of wild-type DNA. Most methods developed thus far for the purpose of tickling this difficult problem require multiple procedural steps that are laborious. We report herein the development of a rapid and simple protocol for detecting a trace amounts of mutant K-ras in a single tube, one-step format. In a capillary PCR, a 17mer peptide nucleic acid (PNA) complementary to the wild-type sequence and spanning codons 12 and 13 of the K-ras oncogene was used to clamp-PCR for wild-type, but not mutant alleles. The designated PNA was labeled with a fluorescent dye for use as a sensor probe, which differentiated all 12 possible mutations from the wild-type by a melting temperature (T m ) shift in a range of 9 to 16 C.
INTRODUCTION
Somatic mutations are useful markers for the early detection of cancer (1, 2) . For example, the K-ras mutation in codons 12 and 13 occurs in 80-90% of pancreatic cancer and 35-50% of colorectal cancer (3) (4) (5) . However, detecting such mutations for population screening purposes presents a challenge for the clinical laboratory because of the large excess of wild-type DNA usually found in clinical samples, especially in body fluids or stool. This excess of wild-type DNA can exhaust essential reagents during PCR, and tends to mask the mutant signal during detection assays. The general strategy used to date to overcome this difficulty was to employ suppression of the wild-type allele or enrichment of the mutant allele during amplification, and followed by using a detection procedure that provided a sufficient resolution to reveal the mutant signals. Methods used to enrich mutant template level include allele-specific amplification (6) , restriction enzyme digestion of wild-type DNA (4, 7, 8) and sequence-specific ligation (9) . Methods used to detect mutant signal include: (i) distinguishing the conformational or length differences by gel electrophoresis (10) (11) (12) or denaturing high-performance liquid chromatography (13) ; (ii) detecting short sequences by mass spectrometry (14, 15) ; and (iii) detecting nucleotide sequence changes by melting curve analysis (16) , endonuclease V reaction (17) or hybridization on a microarray chip (18) . However, most of these methods are not convenient for use in clinical laboratories owing to multiple procedural manipulations that are time-consuming and cost ineffective. Most importantly, the risk of contamination during multiple transfers was increased.
Recently, the peptide nucleic acid (PNA)-based PCR procedure has been developed for the enrichment of mutant alleles (19) . PNA is a synthetic DNA analog in which the normal phosphodiester backbone is replaced with a *To whom correspondence should be addressed: Tel: +886 3 2118800, ext. 5204; Fax: +886 3 2118035; Email: ccchiou@mail.cgu.edu.tw
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The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org 2-aminoethylglycine chain. Its nucleobases complement DNA or RNA in the normal A-T and G-C geometry (20) (21) (22) . Two important features make PNA a superior PCR clamp for specific alleles. PNA cannot serve as a primer for polymerization, nor can it be a substrate for exonuclease activities of Taq polymerase. In addition, the melting temperature (T m ) of a perfectly matched PNA-DNA duplex is higher than that of DNA-DNA of the same length, but a single mismatch destabilizes the PNA-DNA hybrids, causing a T m shift of 10-18 C (23) . Therefore, PNA can specifically block primer annealing or chain elongation on a perfectly matched template without interfering with these reactions on templates with mismatched bases (15, 24, 25) . In addition, the large T m difference between perfectly matched and mismatched hybrids makes PNA a good sensor of point mutations. For example, a PNA sensor probe has been used to detect GNAS mutations after PCR (26) .
The use of melting curve analysis in combination with fluorescent probes provides a powerful tool for the detection of single base alterations. The hybridization probe system is most widely used for this purpose. This system usually comprises a pair of oligonucleotides-the anchor and the sensor-each labeled with a different fluorescent dye, such that fluorescence energy transfer occurs between the two when they anneal adjacent sites of a complementary PCR strand (27) . The melting curve profile of the sensor probe (designed to anneal to the variable region), allows for homogeneous genotyping in a closed tube (27) . Recently, hybridization probes was combined with PNA-mediated PCR clamping for detection of variant bcr-abl allele in leukemia (28) , and of K-ras mutation in pancreatic cancer (29, 30) .
In this report we devised a convenient PCR procedure for the detection of a trace amounts of mutant K-ras in a large excess of wild-type DNA. The key feature of this procedure is that a PNA oligomer serves as both PCR clamp and sensor probe, which allows for differentiation from the wildtype of sequence alterations in codons 12 and 13. The principle of this design, as well as other methods for PNA-mediated PCR clamping, is depicted in Figure 1 .
MATERIALS AND METHODS

Primers and probes
Three forward primers (F1, F2 and F3) and a reverse primer (R) were designed to amplify K-ras fragments in exon 1. The sensor probe covering the variable region is a 17mer PNA labeled with fluorescein at the N-terminus (equivalent to the 5 0 -end of a DNA oligomer) The anchor probe is a 44mer DNA labeled with fluorescent dye LC-Red 640 at the 3 0 -end. PCR primers and the anchored probe were provided by TIB MOLBIOL (Berlin, Germany). PNA was provided by Applied Biosystems (Forster City, CA, USA). Sequences of primers and probes used in this study are listed in Table 1 .
Templates
Wild-type genomic DNA was purified from the cultured human leukemia cell line K-562 (BCRC60007; from Resource Collection and Research Center, Hsinchu, Taiwan) using a QIAamp DNA-blood-mini kit (Qiagen, Hilden, Germany). Purified DNA was quantitated by ultraviolet (UV) spectrophotometry and stored at À20 C until use. Mutant templates were either purified from cell line SW480 (BCRC60249) by the QIAamp kit or synthesized by PCR-based site-directed mutagenesis. SW480 cells harbor a G to T mutation at the second base of codon 12 in the K-ras gene. The PCR-based site-directed mutagenesis was performed using one of 12 different primers complementary to the variable region of the Kras gene but bearing a mismatch at either the first or second position of codon 12 or 13 ( Table 1) . Sequences of all the synthesized mutant templates were verified by an autosequencer. The synthesized templates were purified with QIAquick PCR purification kit (Qiagen) and diluted with 10 mM Tris-HCl (pH 8.0) containing 1 mg/ml salmon sperm DNA and stored at À20 C before use. C and then decreasing the temperature to 45 C at ramp rate 0.7 C/s. Detection was in channel F2 for the LC-Red 640 labeled probes.
Detection of K-ras mutation in patients' sera
Serum samples were collected from 24 pancreatic cancer patients in Chang Gung Memorial Hospital, Taiwan. Control samples were collected from 10 healthy volunteers. DNA was extracted from 200 ml aliquots of serum using a QIAamp DNA-blood-mini kit (Qiagen). One-fourth of the eluted DNA was used as PCR template. PCR was performed using F2 as the forward primer and 60 C (clamp condition) or 72 C (non-clamp condition) as extension temperature. Presumptive mutants were identified as those samples having melting peaks close to 60 C. To confirm results and determine specific mutation types, PCR products were separated on a 2% agarose gel, eluted, and then sequenced by an automated DNA sequencer.
RESULTS
The 17mer PNA probe differentiated wild-type K-ras from mutants
To determine whether our hybridization probes could differentiate wild-type from mutant K-ras, we made 12 mutant templates by PCR-based site-directed mutagenesis. These 12 mutants cover all possible single nucleotide mutations in codons 12 and 13 that result in amino acid changes. In the regular PCR conditions, all of these mutant templates as well as the wild-type template can be amplified. Melting curve analysis revealed that the T m of the PNA probe bound to wild-type K-ras is 69
C, but varies between 53 and 60 C when bound to the different mutant templates (Figure 2 ). This indicates that a single nucleotide change causes a T m shift of [9] [10] [11] [12] [13] [14] [15] [16] C for the 17mer PNA probe.
PNA suppresses PCR of wild-type but not mutant templates at a lower extension temperature
To determine whether the conventional PCR extension step is conducted at a temperature that is too high for the PNA to inhibit elongation through the wild-type template, a mixture of 1 ng of mutant genomic DNA and a 100-fold excess of wildtype DNA was used as template for real-time PCR performed using different extension temperatures. When doing extension at 72 C or 65 C, only the wild-type melting curve was seen, indicating that no obvious clamp occurred ( Figure 3A and B) . After lowering the extension temperature to 60 C, which is around the T m of mutants and 9 C lower than the wild-type T m , the mutant peak started to appear ( Figure 3C ). Further decreases the extension temperature, to 55 C or 50 C, slowed PCR amplification of both wild-type and mutants (data not shown).
Distant primers enhance PCR clamping of wild-type templates
In addition to extension temperature, we demonstrated that the position of opposite primers also influences the PNA-mediated Figure 2 . The PNA sensor probe differentiated the 12 possible K-ras mutations in codons 12 and 13 from the wild-type. Mutant K-ras were generated by PCRmediated site-directed mutagenesis and were used as PCR templates to test the resolution of the PNA sensor probe. All the PCR were performed under nonclamping conditions, using primer F1, and 72 C for extension. Melting curves (A) and melting peaks (B) were plotted after PCR. Filled and open arrowheads indicate wild-type and mutant melting peaks, respectively. Mut, mutant; WT, wild-type; NTC, no template control. PCR clamping. When using primer F1, which is 28 nt away from the PNA binding site ( Figure 4A ), wild-type amplification could not be completely suppressed ( Figures 3C and  4B ). However, when using primers F2 and F3, which are more than 97 nt from the PNA binding site, wild-type amplification was successfully inhibited, and only the mutant was amplified ( Figure 4B ).
The assay detects rare mutants in a large excess of wild-type DNA
To determine the assay's limits for detecting rare mutants, we used different amounts of mutant genomic DNA mixed with 100 ng of wild-type genomic DNA as templates. When performing PCR under optimal conditions, using primer F2 and doing extension at 60 C, as little as 10 pg of mutant DNA (about three genomes, or 1:10 000) was detected by melting curve analysis ( Figure 5 ).
The assay detects K-ras mutations in serum DNA
Of 24 purified serum DNA samples from pancreatic cancer patients, 19 (79%) had melting peaks close to 60 C and were presumed to be mutants; the other five samples without obvious peaks were presumed to be wild-type. Sequence analysis confirmed that each of the 19 'expected mutants' had a point mutation in codon 12 ( Table 2 ). Note that all the 'expected wild-type' could not be amplified during clamp-PCR: these samples were subjected to PCR under non-clamp condition to ensure that they contained amplifiable DNA (data not shown). In addition, using our assay, all samples from the 10 healthy controls were determined to be wild-type (data not shown).
DISCUSSION
The essence of this study was the development of a PCR procedure for the detection of trace K-ras mutations using PNA as a PCR clamp as well as a sensor probe. The uniqueness of our newly developed method is that PCR amplification, mutant enrichment and mutation detection can be accomplished in a single tube on a LightCycler without having to go through several laborious procedures including electrophoresis, hybridization and enzymatic reaction. Next, the T m difference between perfectly matched templates and mismatched templates is larger for PNA probes than oligonucleotide probes. For this reason, all alleles with single base changes can be readily distinguished from wild-type by melting peak analysis. Most importantly, only one pair of primers and probes is required to detect all 12 possible mutations from the wild-type in codons 12 and 13 of K-ras. All these advantages greatly simplifies the manipulating procedure and thus can be potentially useful in multiplex assays. Finally, our procedure can detect as low as 10 pg of mutant genomic DNA against a background of 100 ng of wild-type DNA (a 1:10 000 ratio).
Using PNA as both sensor probe and PCR clamp is an important feature of our method. Association and dissociation of PNA and its complementary DNA is revealed by melting curve analysis. This allows for easy optimization of thermal conditions for PCR clamping of wild-type, but not mutant templates. The T m of the PNA-wild-type templates is 69 C: at 72 C, the extension temperature used in conventional PCR, less than half of these templates are associated with PNA, leading us to hypothesize that the PNA clamp would not be efficient under this temperature. As indicated in the Figure, we found that in order to inhibit the wild-type amplification to a full extent, an extension temperature of 60 C, 9 C lower than the wild-type T m , should be used. Conversely, an extension temperature of 60 C has a minimal effect on mutant amplification. Since the T m 's of all the mutants studied fall between 53 and 60 C, we can conclude that at a temperature above T m , Taq polymerase can readily repel a PNA block and continue the chain elongation.
The fact that primer position also affected the efficiency of clamping is somewhat surprising. Our explanation is that primer position determines the running off distance from the PNA binding site. At the extension temperature (60 C) used in PCR during this experiment, the progression of Taq polymerase on the wild-type template is hindered because of PNA binding. When reaction temperature ramps from 60 (extension) to 94 C (denaturation phase of the next cycle), PNA leaves the wild-type DNA at some temperature close to its T m (69 C) and polymerization resumes. This polymerization will occur over a very short time, however, because the polymerase will quickly dissociate from the template as the temperature continue to rise. Given this narrow 'window of opportunity', whether or not the polymerization can be finished depending on the distance to run off. If this distance is too long, the polymerase does not have sufficient time to run off the template. The 'chain reaction' of PCR is therefore abolished, because the truncated products, lacking a primerbinding site, can no longer serve as templates during the next cycle. Our results also suggest that the ramp rate of a thermal cycler may also influence the efficiency of a PNA clamp. We have found that the slower the ramp rate, the longer is the distance required between PNA and primer for successful clamping (C.C. Chiou, unpublished data).
Applying the optimal conditions resulted in the successful detection of mutant alleles in serum DNA from patients with pancreatic cancer, indicating that the procedure has potential for use in screening for malignant diseases in clinical laboratories. Although the assay cannot identify specific mutation types, the PCR products can be subjected to further analysis, such as sequencing, to confirm preliminary findings; this also makes the procedure useful for research purposes. Note that although mutations occurring in codons 12 and 13 are more likely to be found in cancer patients, other mutations occurring in the flanking region covered by the PNA can also be differentiated by the assay. The mutation spectrum shown in Table 2 reveals that the majority of K-ras mutations in our samples are GGT to GTT in codon 12, which is consistent with a previous study indicating that this mutation accounts for 94.5% of pancreatic cancer in the Taiwanese population (31) .
PNA in combination with oligonucleotide hybridization probes was used for rapid detection of K-ras mutations in two previous studies. In both studies, a pair of oligonucleotide hybridization probes was used to detect mutations, and a 17mer PNA was used to suppress PCR of the wild-type allele (see Figure 1C and references 29 and 30) . Because the PNA bound to DNA so tightly, not only did it suppress PCR, but also it competed with the sensor probe for binding to K-ras templates. As a compromise, the investigators designed mutant-specific sensor probes. The perfectly matched mutant, with its high T m (70.6 C), had the largest T m difference from wild-type (66.3 C). Other mutants had T m 's closer to that Figure 5 . Assay sensitivity for detection of K-ras mutants in a large excess of wild-type DNA. 100 ng wild-type genomic DNA plus various amounts of mutant genomic DNA were used as templates for clamp-PCR. Under the optimal condition using F2 as the forward primer and 60 C as extension temperature, the assay detected the signal from as few as 10 pg mutant DNA without interference from the wild-type DNA. Filled and open arrowheads indicate wild-type and mutant melting peaks, respectively. of wild-type and were therefore less easily differentiated. The design of these studies and ours look similar but utilize very different underlying logic. In these other studies, in addition to use of mutant-specific probes, 72 C was used as the extension temperature during PCR, leading to inefficient clamping of wild-type amplification. However, the assay was also sensitive (1:10 000) because the PNA inhibited probe binding to wild-type products, so only the mutant signal was revealed on the melting curve. A possible problem with this design is that competition always exists between the PNA and the probe. The extend to which the signal is affected by this competition when a mutant is mismatched to both PNA and probe is not clear.
Recently, another DNA analogue, namely locked nucleic acid (LNA), was introduced and used in molecular detection assays (32) . PNA and LNA probes have been used in combination to detect genetic heterogeneity of epidermal growth factor receptor (EGFR) in non-small cell lung cancer (33) . In that study, mutant-specific LNA probes were used in a realtime PCR to generate amplification curve, and PNA was used to clamp wild-type amplification. The LNA probes resembled TaqMan probes, with a fluorophore at one end and a quencher at the other end. An amplification curve was generated when the probes were cleaved by Taq DNA polymerase during PCR. By analysis of the second derivative of the amplification curve, mutants containing a point mutation or a deletion in the EGFR gene were detected in 100 to 1000-fold excess of wild-type alleles. This study suggests that combining different DNA analogues can be used to develop powerful tools for detecting gene alterations.
Our assay may prove to have additional advantages. For example, mutant detection can be quantitative if samples with standard concentrations are assayed in parallel with clinical specimens, which may be useful in some situations for evaluation of the severity of disease. In addition, the PCR products of our assay can be used for further sequencing analysis, or in other enzymatic reactions, after a simple purification step, without interference by the PNA. Furthermore, multiplex assays can be performed in a single tube as long as the real-time PCR machine can differentiate fluorescent signals between different probes.
In summary, our study has provided a simple method to detect a trace amounts of K-ras mutants in large excess of wild-type DNA. This method has great potential for use in cancer screening, and could be adapted for detection of trace mutants pertinent to other diseases. Our study has defined important factors affecting the efficiency of PNAmediated PCR clamping. These findings will facilitate further development of the role of PNA in molecular diagnosis.
